
\ 

I 

DENSITY D I STR I BUT ION 
IN THE UPPER IONOSPHERE 

THE EFFECT OF A VARIABLE 
/ ELECTRON TEMPERATURE 

ON THE EQUATORIAL ELECTRON 

e e 
LI cn 
w 
- w 

0 

0 n 
c3 

cn 
I- 
O 

I ,OCTOBER 1964 

/ 

- -  
_ -  

- 3  i 

,- GREENBELT, MARYLAND 

GODDARD SPACE FLIGHT CENTER 

Ionosphere Preprint Series 



THE EFFECT OF A VARIABLE ELECTRON TEMPERATURE ON THE 
EQUATORIAL ELECTRON DENSITY DISTRIBUTION I N  THE UPPER IONOSPHERE 

. 
Richard A .  Goldberg 

NASA-Goddard Space F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland 

ABSTRACT 

By i n c o r p o r a t i n g  a model f o r  t h e  measured e lectron 
t empera tu re  d i s t r i b u t i o n  a t  t h e  magnetic e q u a t o r  i n  t h e  i s o -  
t he rma l  and t empera tu re  e q u i l i b r i u m  t h e o r y  of Goldberg,  Kendal l  

and Schmerl ing [J. Geophys. R e s . ,  - 69,  417-427, 19641, it h a s  
beel? p m s i b l e  to g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  behavior  of  t h e  

e q u a t o r i a l  geomagnetic anomaly under s t e a d y  s t a t e  and equinoc- 
t i a l  c o n d i t i o n s .  In  p a r t i c u l a r ,  it is shown t h a t  t h e  measured 
d e v i a t i o n  from the rma l  e q u i l i b r i u m  i n  t h e  bot tomside  ionosphere  

is  v e r y  i n f l u e n t i a l  i n  a l lowing  e x t e n s i o n  of  t h e  p rev ious  

t h e o r e t i c a l  d e s c r i p t i o n  of t h e  geomagnetic anomaly w e l l  i n t o  
t h e  bot tomside  ionosphere  and t o  h i g h e r  l a t i t u d e s  t h a n  o r i g i -  

n a l l y  a p p l i c a b l e .  For  comple teness ,  t h e  e f f e c t  o f  g r a v i t a t i o n a l  

v a r i a t i o n  is now i n c l u d e d ,  b u t  it is shown t h a t  t h i s  a lone  

c o n t r i b u t e s  on ly  minor improvements t o  t h e  o r i g i n a l  r e s u l t s .  

F i n a l l y ,  s e v e r a l  less common p r o p e r t i e s  i n  t h e  behav io r  of t h e  

geomagnetic anomaly a r e  i n v e s t i g a t e d ,  and it  is  shown under  
what c o n d i t i o n s  t h e s e  secondary e f f e c t s  w i l l  occur.  



INTRODUCTION 

The theo ry  d e s c r i b i n g  t h e  e q u a t o r i a l  e lectron d e n s i t y  d i s -  

t r i b u t i o n  under c o n d i t i o n s  of thermal  e q u i l i b r i u m ,  equinox,  and 

s t eady  s t a t e ,  o r i g i n a l l y  presented  i n  Goldberg and Schmerling 

c1963, 19641 and improved upon i n  Goldberg,  Kendall  and Schmerling 

e19641 ( t o  be r e f e r r e d  t o  a s  GKS), has  provided reasonably  good 
agreement when comparison is made t o  t h e  measured r e s u l t s  of t h e  

Aloue t t e  Topside Sounder S a t e l l i t e .  Furthermore,  Chandra and 

Goldberg €19641 ( t o  be r e f e r r e d  t o  a s  CG) have demonstrated t h a t  

t h e  r a t h e r  a r t i f i c i a l  concept of f i e l d  l i n e  d i f f u s i v e  e q u i l i b r i u m  
need no t  be employed t o  o b t a i n  t h e  necessa ry  e q u a t i o n s ,  but  
i n s t e a d ,  t h e  n e g l e c t  of c o l l i s i o n s  between charged and n e u t r a l  
p a r t i c l e s  is s u f f i c i e n t  i n  t h i s  a i m .  T h i s  has  enabled  us  t o  
unders tand  why the t h e o r e t i c a l  results agree hest w i t h  d a t a  i n  
t h e  t o p s i d e  ionosphere ,  s i n c e  t h i s  i s  t h e  r eg ion  where such an  
assumption is most r easonab le .  

Recent t h e o r e t i c a l  c o n s i d e r a t i o n s  (Hanson and Johnso'n, 1961; 
Hanson, 1962; Dalgarno e t  a l ,  1963) and r e c e n t  measurements w i th  
rocke t  probes (Spencer e t  a l ,  1962; Brace e t  a l ,  1963) and r a d a r  
b a c k s c a t t e r  t echn iques  (Evans, 1962 and 1964; Bowles, 1964) have 
now demonstrated t h a t  thermal  equ i l ib r ium ( e l e c t r o n  tempera ture  

Te = i o n  tempera ture  Ti) does not occur  i n  t h e  lower F r eg ion  
ionosphere  d u r i n g  t h e  day inc lud ing  t h a t  t i m e  when t h e  e l e c t r o n  

d e n s i t y  is expe r i enc ing  n e a r l y  s teady  c o n d i t i o n s .  I t  is 
t h e  purpose of t h i s  paper  t o  provide a s imple a n a l y t i c a l  approach 

f o r  i n c l u d i n g  a tempera ture  model, based on t h e  t h e o r e t i c a l  o r  

measured Te d i s t r i b u t i o n ,  i n  t h e  t h e o r y  d i s c u s s e d  i n  GKS and CG,  

and t o  demonstrate  t h e  p o s s i b l e  e f f e c t s  of d e v i a t i o n  from con- 

d i t i o n s  of thermal  e q u i l i b r i u m  on t h e  t o p s i d e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n .  Furthermore,  it w i l l  be shown how i n c l u s i o n  of 

t h i s  T d i s t r i b u t i o n  has  allowed e x t e n s i o n  of t h e  t h e o r y  i n t o  

p a r t  of t h e  bot tomside F l a y e r .  Comparison wi th  d a t a  is a l s o  
made t o  provide  a p o s s i b l e  exp lana t ion  of s e v e r a l  f e a t u r e s  of  

t h e  geomagnetic anomaly h e r e t o f o r e  unexplained.  For  comple teness ,  
t h e  e f f e c t s  of v a r i a b l e  g r a v i t y  a r e  a l s o  inc luded  and t h e  s l i g h t  

e 
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mod i f i ca t ions  i n  t h e  r e s u l t s  due t o  t h i s  effect  a r e  demonst ra ted .  

SYMBOLS 
4 

B magnetic f i e l d  of e a r t h  

e a b s o l u t e  va lue  of e l e c t r o n  charge  
-4 

g g r a v i t y  

He e l e c t r o n  d e n s i t y  s c a l e  h e i g h t  

i o n i z a b l e  c o n s t i t u e n t  s c a l e  h e i g h t ;  
c f .  (16) Hi 

H P va lue  of Hi a t  r 
P 

HT s c a l e  f a c t o r  of tempera ture  

7 
H c f .  (7) 
-4 

h 
4 

u n i t  v e c t o r  i n  d i r e c t i o n  of B 

hmF2 h e i g h t  of F2 l a y e r  e l e c t r o n  d e n s i t y  
peak 

I magnetic d i p  a n g l e ;  c f .  (10) 

p o l a r  c o o r d i n a t e  u n i t  v e c t o r s  
4 

J c u r r e n t  d e n s i t y ;  c f .  (3) 

v a l u e  of Te/Ti a t  r 
P 

Roltzmann's c o n s t a n t  

K 

k 

mass 

number d e n s i t y ;  c f .  (2) 

e q u a t o r i a l  peak e l e c t r o n  d e n s i t y  

F2 l a y e r  peak e lectron d e n s i t y  

m 

Nmo 
NmF2 

P p r e s s u r e  

mean r a d i u s  of e a r t h  (6370 k m )  R 
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r r a d i a l  h e i g h t  (r = z + R )  

r mo 

r 

r 
0 

P 

T 
4 

V 

Z 

a 

SUBSCRIPTS 

e , i , n  

he igh t  of e q u a t o r i a l  peak e l e c t r o n  
d e n s i t y  

e q u a t o r i a l  r a d i a l  h e i g h t  

r a d i a l  h e i g h t  of tempera ture  
peak 

tempera ture  

v e l o c i t y  

a l t i t u d e  

c o l a t i t u d e  

c o l l i s i o n  frequency between j 
and kth p a r t i c l e s  

average of e l e c t r o n  and i o n  
tempera tures ;  c f .  (6) 

t h  

e l e c t r o n s ,  i o n s ,  and n e u t r a l  
p a r t i c l e s  r e s p e c t i v e l y  

. I  . \ 

m peak v a l u e  

m o  e q u a t o r i a l  peak va lue  

THE FUNDAMENTAL EQUATION 

From CG, combination of t h e  e q u a t i o n s  of motion f o r  e l e c t r o n s  

and i o n s  provides  
.. 

- - . .  4 Nmimn 4 

i n  vi Nme v v + V e n  e m . + .  mn 
I 

4 4  

-VPe - vpi + N mi; + JXB 
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where w e  have assumed 

v < < v  v n e '  i 

m < < m  m e i '  n 

n = n  = N  (2) e i 

In  (1)  and (2), t h e  s u b s c r i p t s  e ,  i ,  and n refer t o  e l e c t r o n s ,  
i o n s ,  and n e u t r a l s  r e s p e c t i v e l y ;  p is p r e s s u r e ;  n is number 

is c o l l i s i o n  frequency between t h e  jth and k t h  d e n s i t y ;  

p a r t i c l e s ;  m is mass; v is v e l o c i t y ;  g is g r a v i t a t i o n a l  a c c e l e r a -  
t i o n ;  B is t h e  e a r t h ' s  magnet ic  f i e l d ;  and J is c u r r e n t  d e n s i t y  
d e f i n e d  as 

' jk  

4 + 3  

J = N e  (vi-ve) (3) 

where e is t h e  a b s o l u t e  v a l u e  of e l e c t r o n  c h a r g e .  
If now, w e  assume t h a t  ven and v 

t o  a l low n e g l e c t  of  t h e  d r a g  f o r c e s ,  t h e n  

a r e  s u f f i c i e n t l y  s m a l l  i n  

4 4  

-vpe -vpi + N m . 2  + JXB = o 
1 (4)  

Assuming t h e  e l e c t r o n s  and i o n s  behave a s  i d e a l  g a s e s  and t a k i n g  
t h e  f i e l d  l i n e  component of ( 4 ) ,  w e  o b t a i n  

[- Nk V(Te+Ti) - (Te + T . ) k  1 V N  + N mi;].: = 0 (5 1 

where T 
Boltzmann's  c o n s t a n t ,  and h is a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of 
t h e  e a r t h ' s  magnet ic  f i e l d .  

is t h e  t empera tu re  of t h e  jth t y p e  p a r t i c l e ,  k is 
j 4 
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L e t  u s  d e f i n e  

2 

Then 

where 7 r 
t h a t  t h e  e a r t h ' s  magnetic f i e l d  i s  a d i p o l e  l y i n g  i n  t h e  r ,  0 

p l a n e ,  w e  o b t a i n  

is a u n i t  v e c t o r  i n  t h e  r a d i a l  d i r e c t i o n .  I f  w e  assume 

s i n 1  = 0 (9) COSI) + 2H 1 a 7  1 a 7  1 a N  1 a N  COSI) + - (- s i n 1  + - - -(- s i n 1  + - - 
T a r  r a e  N a r  r a e  7 

where I is t h e  magnetic d i p  ang le  d e f i n e d  by 

t a n 1  = 2 cot0 (10) 

and 0 is geomagnetic c o l a t i t u d e .  ( I n  t h e  fo l lowing  d i s c u s s i o n ,  
a l l  c o o r d i n a t e s  g iven  a r e  geomagnetic.)  As po in ted  o u t  i n  CG,  

(9)  can be w r i t t e n  i n  t o t a l  d e r v a t i v e  form a s  
.. 

- + -  d7 d " + &  = o  
7 

7 

provided t h e  i n t e g r a t i o n  is c a r r i e d  o u t  a long  a f i e l d  l i n e .  
The s o l u t i o n  of (11) is 



- 6 -  

where r is t h e  e q u a t o r i a l  h e i g h t  of t h e  f i e l d  l i n e  of i n t e g r a -  
t i o n ,  i . e .  

0 

(13)  
2 r = r csc 0 

0 

and N ( r o ) ,  ~ ( r  ) r e p r e s e n t  t h e  v e r t i c a l  d i s t r i b u t i o n s  of N and T 

a t  t h e  e q u a t o r .  
0 

THE BOUNDARY CONDITIONS 

From (12), it is  c lear  t h a t  t h e  complete  t empera tu re  d i s t r i b u -  
t i o n ,  g iven  by T ( r , 0 ) ,  must be known i n  a d d i t i o n  t o  t h e  r a d i a l  

d i s t r i b u t i o n  of N a t  t h e  e q u a t o r ,  N( ro ) ,  b e f o r e  N ( r , 0 )  can be 

de te rmined  uniquely .  I n  p r e v i o u s  work, ~ ( r , 0 )  h a s  s imply  been 

s p e c i f i e d  a s  a c o n s t a n t  everywhere.  W e  now i n v e s t i g a t e  t h e  proper-  

t i e s  of  t h e  t h e o r e t i c a l  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  when w e  i n c l u d e  

a s imple  r a d i a l  model f o r  T based on measurement and t h e o r y .  
Recent r o c k e t  probe measurements (Spencer ,  e t  a l ,  1962 and 

Brace, e t  a l ,  1963) a t  Wallops I s l a n d ,  V i r g i n i a ,  show a v e r t i c a l  
e l e c t r o n  tempera ture  p r o f i l e  under  q u i e t  day c o n d i t i o n s  which d e p a r t s  
f r o m  t h e  i o n  t empera tu re  a t  150 km, peaks  between 200 and 250 km 
w i t h  a v a l u e  of Tem2 Ti ,  and t h e n  r e t u r n s  t o  t h e  Ti = Te v a l u e  a t  
about  350 km. Evans €19621 o b t a i n s  a s imi l a r  t y p e  behav io r  and 
l a t e r  €19641 shows improved r e s u l t s  which i n d i c a t e  a peak a t  300 km 
and a r e t u r n  t o  Te/Ti = 1 above 700 km f o r  r a d a r  b a c k s c a t t e r  measure- 
ments i n  t h e  m i d l a t i t u d e  r e g i o n  of  Bos ton ,  Mass. The o n l y  measure- 
ments a v a i l a b l e  i n  t h e  e q u a t o r i a l  r e g i o n  a r e  t h o s e  of  B o w l e s  €19643 
u s i n g  t h e  b a c k s c a t t e r  t echn ique  and h e  r e p o r t s  a Te/Ti peak v a l u e  

of 2 o c c u r r i n g  a t  about 275 km. Fur the rmore ,  he neve r  f i n d s  
Te/Ti > 1 above 400 km. 
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Hanson and Johnson €19611, Hanson €19621 and Dalgarno e l  a 1  
c19631 have p resen ted  t h e o r e t i c a l  models f o r  Te/Ti based on l o c a l  

EUV h e a t i n g  which r e s u l t  i n  s i m i l a r  t ype  p r o f i l e s  t o  t h o s e  measured, 
v i z .  Te/Ti = 2 a t  t h e  peak wi th  t h e  peak o c c u r r i n g  between 200 and 
250 km. The t h e o r e t i c a l  models a r e  probably most r e p r e s e n t a t i v e  of 

t h e  e q u a t o r i a l  r e g i o n s  where EUV h e a t i n g  is m o s t  l i k e l y  t o  predomi- 

n a t e .  The t h e o r e t i c a l  peak he ight  is somewhat lower t h a n  t h a t  
r e p o r t e d  by Bowles 619643 but  Dalgarno e t  a 1  e19631 e x p l a i n  t h a t  
t h e i r  lower v a l u e  f o r  t h e  peak can be a t t r i b u t e d  t o  an unde res t ima te  
of t h e  c o o l i n g  r a t e  by n e g l e c t  of t h e  c o n t r i b u t i o n  from v i b r a t i o n a l  
e x c i t a t i o n s .  They a l s o  s t a t e  t h a t  one should  expec t  a more r a p i d  
c o o l i n g  r a t e  i n  a warmer atmosphere and t h i s  appears  t o  i n d i c a t e  a 
h i g h e r  a l t i t u d e  f o r  t h e  Te/Ti peak a t  t i m e s  of h ighe r  sunspot  
number. These a r e  important  c o n s i d e r a t i o n s  i n  s e l e c t i n g  t h e  numeri- 
c a l  v a l u e s  f o r  t h e  h e i g h t  of t h e  e l e c t r o n  tempera ture  peak (r ) 
i n  t h e  next  s e c t i o n .  

P 

The r e s u l t s  d i s c u s s e d  above c l e a r l y  demonstrate  t h e  absence 
of thermal  e q u i l i b r i u m  i n  t h e  lower F r e g i o n  of t h e  ionosphere .  

Unfo r tuna te ly ,  t h e  d a t a  and t h e o r e t i c a l  models a v a i l a b l e  a r e  ra ther  

l i m i t e d  and t h e  e x a c t  behavior  and d i s t r i b u t i o n a l  shape is c u r r e n t l y  

r a t h e r  u n c e r t a i n .  A s  a reasonable  f i r s t  guess ,  w e  therefore choose 

a s imple  a n a l y t i c  d i s t r i b u t i o n  f o r  Te which is r e p r e s e n t a t i v e  of 

any of t h e  above p r o f i l e s  bu t  which does no t  f i t  any of them i n  an  

e x a c t  s e n s e .  We a l s o  c o n s i d e r  t he  tempera ture  behavior  t o  be inde-  

pendent of l a t i t u d e  i n  t h e  e q u a t o r i a l  r eg ion  under c o n s i d e r a t i o n  

( i . e .  from 20°N t o  2OoS). 

An e x p r e s s i o n  which posses ses  t h e s e  q u a l i f i c a t i o n s  is 

Te = Ti [l  + K-l I 2 ( r - r  1 
1+ 

2 
HT 
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where K is t h e  r a t i o  Te/Ti a t  t h e  peak h e i g h t  

d i s t r i b u t i o n  and HT is  a s c a l i n g  f a c t o r  which 

n e s s  of  t h e  Te d i s t r i b u t i o n  and which w i l l  be 

the rma l  scale h e i g h t .  A t y p i c a l  p l o t  of  (14) 

( r  ) of t h e  Te 

governs t h e  t h i c k -  
r e f e r r e d  t o  a s  t h e  

is shown i n  F i g u r e  1 

P 

for v a r i o u s  v a l u e s  of HT and f o r  r = 6650 km. From ( 1 4 ) ,  w e  o b t a i n  
P 

Although t h e  e f f e c t  of t h e  g r a v i t a t i o n a l  h e i g h t  dependence is  
s m a l l ,  w e  i nc lude  it f o r  comple teness  i n  t h e  work which f o l l o w s .  
The s c a l e  he igh t  of  t h e  i o n i z a b l e  c o n s t i t u e n t  is g iven  by 

kT ~ 

If w e  d e f i n e  H i . e .  t h e  match- 
i n g  p o i n t ,  and w e  t r e a t  Ti a s  c o n s t a n t  i n  t h e  r e g i o n  under  cons ide ra -  
t i o n ,  t h e n  

a s  t h a t  v a l u e  of  Hi a t  t h e  h e i g h t  r 
P P’  

With t h e s e  d e f i n i t i o n s ,  w e  have 

P 1 +- 
2 

HT 

The form of H7 g iven  by (18) a l l o w s  e x p l i c i t  i n t e g r a t i o n  o f  t h e  

i n t e g r a l  i n  ( 1 2 ) .  We o b t a i n  
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f r  d r  
- J r  7 

0 

2 
r x) 

6F1 + F2 + F3 + F4] 

where 

r-r r -r 
][tan-' ( P )- tan- '  ( O P ,] (19b) 

- 2 2 (K+l)][HT(K-l) 

K + l  3 K + l  4 K + l  3 F1 - Lrp - HT 2 
2 (-1 H C-] 2 H T f 7 - I  T 2  

F2 

and 

2 r H  
P T  

K- 1 
(7 

F i n a l l y ,  w e  must apply an a n a l y t i c  form f o r  N ( r o ) .  

Chandra (1962) formula ted  an improved f u n c t i o n a l  form f o r  N(r )  t han  

t h a t  d e s c r i b e d  by t h e  s imple Chapman f u n c t i o n  and t h i s  h a s  been 

i n c o r p o r a t e d  i n  t h e  r e s u l t s  of CG, it is necessa ry  t o  r e t u r n  t o  t h e  
s imple  Chapman f u n c t i o n  i n  t h e  work t h a t  f o l l o w s  i n  o r d e r  t o  make 

direct comparison w i t h  Goldberg,  Kendal l  and Schmerling (1964) .  

Hence, w e  l e t  

Although 

r -r 'o-'mo 
N ( r o )  = N(rmO)e*[l- H O e mo -e- - 7 1  
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where H is  t h e  e l e c t r o n  d e n s i t y  s c a l e  h e i g h t  a t  t h e  e q u a t o r  and 

Nmo is t h e  value of e l e c t r o n  d e n s i t y  a t  t h e  v e r t i c a l  peak h e i g h t  rmo. 
e 

NUMERICAL ANALYSIS AND DISCUSSION 
A .  The E f f e c t  of Gravi ty  

r a t e d  i n  (12) t o  provide  an a n a l y t i c  e x p r e s s i o n  f o r  t h e  e l e c t r o n  

d e n s i t y  n e a r  t h e  geomagnetic e q u a t o r  above and below t h e  e l e c t r o n  
d e n s i t y  peak under c o n d i t i o n s  of s t e a d y  s t a t e  and equinox.  T h i s  
expres s ion  has t h e n  been programmed on an IBM 7094 t o  a l low e x t e n s i v e  

s tudy  of i ts  behavior  under wide v a r i a t i o n s  i n  t h e  tempera ture  param- 

eters. The d i s c u s s i o n  which fo l lows  demonst ra tes  how adjustment  of 
t h e  parameters  governing t h e  tempera ture  d i s t r i b u t i o n  l e a d s  t o  
v a r i a t i o n s  i n  t h e  p r o p e r t i e s  of t h e  geomagnetic anomaly. 

The expres s ions  given by ( 1 5 ) ,  (19) and (20) have been incorpo- 

Before i n v e s t i g a t i n g  t h e  a c t u a l  e f f e c t  of a v a r i a b l e  Te,  l e t  
us  f i r s t  s tudy t h e  change induced by s imply adding t h e  g r a v i t y  
v a r i a t i o n .  
~ ( r , 0 )  a s  a cons t an t  i n  ( 1 2 ) .  Then 

T h i s  is o b t a i n e d  by r e p l a c i n g  HT wi th  Hi and t r e a t i n g  

2 r cos 0 
N(r ,0 )  = N(ro)e 2Hi 

where Hi possesses  t h e  f u n c t i o n a l  dependence on h e i g h t  g iven  by (17 ) .  

Th i s  can  be compared t o  t h e  c o n s t a n t  Hi r e s u l t  employed i n  GKS, v i z .  

r cot% 

P 
N ( r , e )  = N(ro)e 2H 

where H of GKS is  now H . ( I n  t h e  d i s c u s s i o n  and r e s u l t s  which 

f o l l o w ,  t h e  s c a l e  h e i g h t  of t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  He 

has  a l s o  r ep laced  l/k i n  GKS n o t a t i o n ) .  

2 P 

Comparison of (21) and (22) shows t h a t  very  l i t t l e  change i n  
r e s u l t s  should be expec ted  i n  t h a t  r e g i o n  of l a t i t u d e  where  c o t e  
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and cos0 a r e  comparable i n  magnitude. Th i s  encompasses n e a r l y  t h e  
e n t i r e  r e g i o n  of o u r  i n t e r e s t .  This  conc lus ion  is borne o u t  by 
numerical  comparison of (21) and (22) f o r  cases i n  which H /He > 1. 
A more impor tan t  r e s u l t  i s  ob ta ined  f o r  c a s e s  p re sen ted  i n  GKS f o r  

Hp/He 5 1. In  t h a t  paper  it was shown t h a t  angu la r  peaks could  not  
be o b t a i n e d  f o r  t h i s  range of s e l e c t i o n  i n  parameters ,  a l though t h e  

i n i t i a l  r ise wi th  l a t i t u d e  behaved i n  e q u i v a l e n t  manner t o  t h e  geo- 

magnetic anomaly. The s imple  i n c l u s i o n  of g r a v i t y  now r e c t i f i e s  

t h i s  s i t u a t i o n  by a l lowing  angular  peaks t o  form f o r  t h e s e  c a s e s .  

wi th  and wi thout  g r a v i t y  v a r i a t i o n  f o r  H /He = 1 is shown i n  F igu re  

2 u s i n g  t h e  numerical  parameters  g iven  i n  Table 1 (The a l t i t z ? d e  z 
is re la ted  t o  r a d i a l  d i s t a n c e  r by r = z + 6370 km).  Curve a 
r e p r e s e n t s  t h e  c o n s t a n t  g case given by (22 ) .  Curves b and c 
r e p r e s e n t  v a r i a b l e  g ( r )  cases i n  which t h e  matching of Hi w i th  H 

is t a k e n  t o  be a t  t w o  d i f f e r e n t  h e i g h t s ,  v i z .  6650 and 6850 km, 
r e s p e c t i v e l y .  W e  f i r s t  n o t e  t h a t  t h e  e f f e c t  of va ry ing  t h e  matching 
p o i n t  is  r a t h e r  s m a l l  and has  l i t t l e  i f  any i n f l u e n c e  on t h e  f e a t u r e s  
w e  wish t o  d i s c u s s .  We a l s o  f i n d  t h a t  r e g a r d l e s s  of matching p o i n t  
h e i g h t ,  t h e  cu rves  s t a y  r e l a t i v e l y  close even a t  h igh  l a t i t u d e s .  
The g e n e r a t i o n  of an angu la r  peak f o r  r = 6650 km is not  s u r p r i s i n g  
s i n c e  Hi/H > 1 everywhere above r . However, it is s u r p r i s i n g  t o  
f i n d  t h i s  r e s u l t  f o r  t h e  380 km (6750 km) p r o f i l e  when r = 6850, 
s i n c e  Hi/He < 1 a t  t h i s  h e i g h t .  T h i s  r e s u l t  o c c u r s  f o r  a l l  c a s e s  

i n v e s t i g a t e d  and w e  must conclude t h a t  a l though g r a v i t y  is a sma l l  
e f f e c t  i n  a l t e r i n g  t h e  s l o p e  of t h e  c u r v e s ,  a s  comparison of cu rves  

2b and 2c demonst ra te ,  it i s  a s t r o n g  e f f e c t  i n  p rov id ing  a more 

r e a l i s t i c  d e s c r i p t i o n  of t h e  geomagnetic anomaly should  it occur  
under  c o n d i t i o n s  where H /He s 1. 

B.  The E f f e c t  of Temperature 

P 

A comparison of t h e  380 km and 480 km e l e c t r o n  d e n s i t y  p r o f i l e s  

P 

P 

P 

P P 
P 

P 

Although i n c l u s i o n  of he igh t  dependent g r a v i t y ,  g ( r ) ,  appea r s  

t o  r e s o l v e  t h e  problem of t h e o r e t i c a l l y  d e s c r i b i n g  t h e  geomagnetic 
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anomaly when Hi/He 
is a r a t h e r  u n l i k e l y  s i t u a t i o n  t o  occur  on both  e m p i r i c a l  and p h y s i c a l  
grounds.  We t h e r e f o r e  res t r ic t  o u r s e l v e s  i n  t h e  d i s c u s s i o n  which 

f o l l o w s  t o  Hi/He > 1. 

There a r e  seven parameters  t o  be v a r i e d  i n  t h i s  problem on t h e  
b a s i s  of e m p i r i c a l  c o n d i t i o n s ,  v i z .  Nmo, r mo,  H e ,  H p ,  HT2 rp and K .  

In  G K S ,  it  was shown t h a t  v a r i a t i o n  of t h e  f i r s t  f o u r  pa rame te r s  

leads t o  a d e s c r i p t i o n  of  t h e  e q u i n o c t i a l  noontime geomagnetic anomaly 

d u r i n g  v a r i o u s  phases  of  t h e  s o l a r  c y c l e .  Fur thermore ,  a l though  

d i f f e r e n c e s  i n  t h e  magnitude and h e i g h t  range  o f  t h e  anomaly occur  

between h igh  and low sunspo t  number, no changes i n  t h e  b a s i c  f e a t u r e s  
a s c r i b e d  t o  t h i s  e f f e c t  a r e  expec ted .  W e  w i l l ,  t h e r e f o r e ,  l i m i t  

o u r s e l v e s  t o  an a n a l y s i s  of  t h e  h i g h  sunspo t  c a s e  w i t h  t h e  know- 
ledge  t h a t  t h e  r e s u l t s  o b t a i n e d  a r e  s i m i l a r  b u t  less pronounced f o r  
t h e  i n t e r m e d i a t e  and low sunspo t  cases. The c h o i c e  of  v a l u e s  f o r  
t h e  f i r s t  f o u r  parameters  l i s t e d  above have been made t o  c o i n c i d e  
wi th  G K S  by s e l e c t i n g  

1, i t  has  been shown i n  CG t h a t  t h i s  c o n d i t i o n  

3 
= 19.25 x l o5  e l ec t rons / cm , Nmo 

He = 100 km,  rmo = 6850 k m ,  

I and H = 112 .5  km. 
P 

S e l e c t i o n  of H a t  t h e  g i v e n  v a l u e  i n s u r e s  Hi/He > 1 i n  t h e  e n t i r e  
r e g i o n  of  i n t e r e s t .  The v a l u e s  of t h e  o t h e r  numer ica l  pa rame te r s  
used are given i n  Table  1. (These v a l u e s  a r e  s e l e c t e d  t o  c o i n c i d e  
a s  a c c u r a t e l y  as  p o s s i b l e  w i t h  t h e  t empera tu re  p r o f i l e  d i s c u s s e d  
e a r l i e r ) .  

P 

We can  t h e r e f o r e  reduce t h e  problem t o  a t h r e e  parameter  s t u d y ;  
HT and K which de termine  t h e  t h i c k n e s s  and magnitude o f  t h e  Te peak 

r e s p e c t i v e l y ;  and r which de te rmines  t h e  r e l a t i v e  d i s t a n c e  between 
P’ 
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t h e  e l e c t r o n  tempera ture  

F igu re  3 r e p r e s e n t s  

and d e n s i t y  maxima. 

a sequence of e l e c t r o n  d e n s i t y  c o n s t a n t  

h e i g h t  p r o f i l e s  under t h e  e f f e c t s  of Te v a r i a t i o n .  
-, s e n t s  an e q u i v a l e n t  set  of v e r t i c a l  p r o f i l e s .  The tempera ture  p r o f i l e  

used is i l l u s t r a t e d  i n  F igure  1 wi th  paramet r ic  v a l u e s  selected f o r  
r easons  d i s c u s s e d  i n  a p rev ious  s e c t i o n .  

F igu re  4 r ep re -  

Comparison of F igure  3 t o  t h e  thermal  e q u i l i b r i u m ,  c o n s t a n t  
g r a v i t y  r e s u l t s  g iven  i n  G K S  shows very  l i t t l e  m o d i f i c a t i o n  of t h e  

cu rves  o u t  t o  t h e  angu la r  peak. On t h e  h igh  l a t i t u d e  s i d e  of t h e  

peak, however, w e  f i n d  a more r a p i d  dec rease  of e l e c t r o n  d e n s i t y  i n  

b e t t e r  agreement wi th  measured p r o f i l e s .  Th i s  e f f e c t  is due p r i m a r i l y  
t o  t h e  i n c l u s i o n  of t h e  g r a v i t a t i o n a l  v a r i a t i o n  and n o t  t h e  v a r i a -  
t i o n  i n  T . e 

A more important  r e s u l t ,  and one which is e n t i r e l y  due t o  a 
v a r i a b l e  Te, is e v i d e n t  i n  F igu re  4 .  

which match measured d a t a  t o  a h e i g h t  n e a r l y  two e l e c t r o n  scale 
h e i g h t s  (He) below t h e  e q u a t o r i a l  F2 peak be fo re  d i s c r e p a n c i e s  begin  
t o  o c c u r .  S ince  t h e  v e r t i c a l  p r o f i l e s  show a d e p a r t u r e  from measure- 
ment below t h i s  h e i g h t ,  it appears  t h a t  t h e  neglect of f r i c t i o n  t e r m s  
i n  t h e  e q u a t i o n s  of motion is n o  longer  v a l i d  below t h i s  r e g i o n .  
N e v e r t h e l e s s ,  it is a v a l u a b l e  e x t e n s i o n  of t h e  t h e o r y  t o  f i n d  t h a t  
t h e  e f f e c t  of c o l l i s i o n s  can be neg lec t ed  t o  h e i g h t s  w e l l  below t h e  
e q u a t o r i a l  F2 peak, e s p e c i a l l y  since it appeared by t h e  r e s u l t s  of 
G K S  t h a t  c o l l i s i o n s  were important  everywhere below t h i s  peak, i . e .  
i n  G K S  r e s u l t s  o b t a i n e d  below t h e  peak do not  ag ree  wi th  d a t a  and t h e  

v e r t i c a l  peaks shown i n  F igure  4 of t h i s  work could n o t  be produced. 

is g iven  i n  F igu re  5 .  

l a r  peaks i n  N F2 i n  accord wi th  measurement, ( c f .  Croom e t  a l ,  

1959) whereas i n  G K S ,  it was shown t h a t  thermal  e q u i l i b r i u m  1s 
i n c a p a b l e  of producing t 'he angular  " turnover" .  Furthermore,  t h i s  

r e s u l t  must be a t t r i b u t e d  t o  a v a r i a b l e  Te ,  s i n c e  i n c l u s i o n  of 

W e  now f i n d  q u a l i t a t i v e  r e s u l t s  

The v a r i a t i o n  of t h e  peak e l e c t r o n  d e n s i t y  NmF2 wi th  l a t i t u d e  

W e  observe t h a t  a v a r i a b l e  Te produces angu- 

m 
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v a r i a b l e  g r a v i t y  a lone  does  n o t  a l t e r  t h e  r e s u l t s  f o r  t h i s  parameter  

a l s o  g iven  i n  F igu re  5.  W e  obse rve  a l e v e l i n g  o u t  of  t h i s  h e i g h t  a t  . 
h i g h e r  l a t i t u d e s  i n  accord  w i t h  measurement ( c f .  Thomas, 1962), a 
r e s u l t  which a l s o  is no t  a v a i l a b l e  under  the rma l  e q u i l i b r i u m  cons id-  ' 

e r a t i o n s .  A s t u d y  of t h e s e  q u a n t i t i e s  show t h a t  t h e i r  magnitude and 

shape  a r e  very  s t a b l e  t o  wide v a r i a t i o n s  i n  K ,  HT and rmo-r e x c e p t  

when K and HT become ve ry  s m a l 1 , i . e .  HT < 20 ,  K 1 . 2 .  A t  t h e s e  and 
s m a l l e r  va lues  w e  f i n d  a r a p i d  t r a n s i t i o n  i n t o  t h e  forms p u b l i s h e d  
i n  GKS f o r  t he rma l  e q u i l i b r i u m ,  i n  which hmF2 d r o p s  s t e a d i l y  w i t h  

l a t i t u d e  and NmF2 rises w i t h  l a t i t u d e  wi thou t  showing any a n g u l a r  
peaks.  

h e i g h t  p r o f i l e  w i t h  rmo, v i z .  380 km, h o l d i n g  K and HT f i x e d .  
n o t e  t h a t  a s  r approaches r t h e  o r i g i n a l  a n g u l a r  peak c o n v e r t s  

i n t o  a s h a r p e r  peak a d j a c e n t  t o  a r e l a t i v e l y  f l a t  " ledge".  F u r t h e r  
s t u d y  h a s  shown t h a t  t h i s  e f f e c t  is n o t  dependent on t h e  a b s o l u t e  
Value of  r or t h e  r e l a t i v e  d i s t a n c e  between t h e  a c t u a l  c o n s t a n t  
h e i g h t  p r o f i l e  and r I n s t e a d ,  t h i s  b e h a v i o r  is  e x c l u s i v e l y  depend- 
e n t  on rmo-r . 

Because t h e  r e s u l t s  which f o l l o w  depend o n l y  on t h e  r e l a t i v e  
s e p a r a t i o n  rmo-r and no t  on t h e  a b s o l u t e  v a l u e s  o f  r P P 

P 
because o f  t h e  d i s c u s s i o n  i n  an e a r l i e r  s e c t i o n  e x p l a i n i n g  how r 
can  a c t u a l l y  be l a r g e r  i n  a warmer (h igh  sunspo t  number) i onosphe re ,  
w e  have s e l e c t e d  t h e  r e l a t i v e l y  h i g h  v a l u e  of r = r = 6850 km. 
If t h e  c o n d i t i o n  r = r o c c u r s  a t  a lower h e i g h t ,  t h e  same r e s u l t s  
w i l l  o c c u r  s imply s h i f t e d  t h i s  d i s t a n c e  i n  a l t i t u d e .  From F igure  6A 
w e  f i n d  t h a t  t h e  new e f f e c t  is n o t  p r e s e n t  u n t i l  r is very  n e a r l y  
e q u a l  t o  r 
d e c r e a s e s ) .  

I g iven  i n  G K S .  The v a r i a t i o n  of  t h e  h e i g h t  of t h e  F2 peak,  hmF2, is 

P' 

Figure  6 A  demonst ra tes  t h e  v a r i a t i o n  of  a t y p i c a l  c o n s t a n t  
I 

We 

P m o  ' 
I 

mo 

mo ' 

P 

and rmo, and 

P m o  
P m o  

P 
and becomes more pronounced a s  r i n c r e a s e s  (or r mo ' P m o  

Although t h e  above e f fec t  is n o t  a lways p r e s e n t ,  i t  has  appeared 
i n  measurements of King e t  a 1  (1963) ,  an  example of which is shown 

i n  F igu re  7 .  No a t tempt  h a s  been made t o  a c c u r a t e l y  f i t  t h i s  par-  
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t i c u l a r  p r o f i l e ,  however, s i n c e  there a r e  many combinat ions ofmthe 

seven parameters  a v a i l a b l e  f o r  such a f i t  and t h e  p r o f i l e s  showing 

t h i s  p r o p e r t y  b e s t  i n  t h e  publ i shed  l i t e r a t u r e  do not  always r ep re -  
s e n t  noon equinox c o n d i t i o n s .  Neve r the l e s s ,  t h e  e f fec t  does o c c u r ,  

and t h i s  i n d i c a t e s  t h a t  t h e  e l e c t r o n  tempera ture  and d e n s i t y  peaks 

do l i e  r e l a t i v e l y  c l o s e  t o g e t h e r  a t  c e r t a i n  t i m e s .  During s u c h  an 
occur rence ,  w e  would expec t  t h e  geomagnetic anomaly t o  appear  i n  a 
form s i m i l a r  t o  t h e  r e s u l t  g iven  i n  F igu re  8 ,  where w e  n o t i c e  a l o w  
l a t i t u d e  "ledge" r e p l a c i n g  t h e  low l a t i t u d e  "trough" a t  h i g h e r  

a l t i t u d e s .  W e  a l s o  no te  a r educ t ion  i n  t h e  h e i g h t  above which t h e  
--- anomaly -_.__ disappears. 

The sequence of v e r t i c a l  p r o f i l e s  cor responding  t o  F igu re  8 

(r = r ) a r e  shown i n  F igure  9 .  We f i n d  t h a t  t h i s  extreme lower- 
i n g  of t h e  e l e c t r o n  d e n s i t y  peak (or r a i s i n g  of t h e  tempera ture  peak) 

leads t o  a n  a d d i t i o n a l  sma l l  "bump" i n  t h e  t o p s i d e  r e g i o n .  

P mo 

O t h e r  smaller effects  a r e  a l s o  s e e n  upon more d e t a i l e d  s tudy  of 

t h e  r e s u l t s .  For  example, i f  r -r is of t h e  order .75 He ( s ee  
m o  P 

F igu re  6 A ) ,  w e  f i n d  t h e  sequence of h o r i z o n t a l  p r o f i l e s  i l l u s t r a t e d  

i n  F igu re  1 0 ,  demonst ra t ing  a much s m a l l e r  ledge  o c c u r r i n g  on t h e  

l o w  l a t i t u d e  s ide  of t h e  angu la r  peaks w i t h  no ledge  p r e s e n t  on t h e  

h i g h  l a t i t u d e  side.  The t o p s i d e  r e s u l t s  i n  t h i s  c a s e  a r e  i d e n t i c a l  
t o  those of F i g u r e  3. The de te rmina t ion  of t h i s  behavior  from measure- 
ment is d i f f i c u l t ,  however, because of t h e  sma l l  magnitude of t h e  

effect  . 
AS p a r t i a l l y  shown i n  Figures6B and 6C, a s tudy  of t h e  v a r i a -  

t i o n s  of bo th  K ( tempera ture  peak magnitude) and HT ( tempera ture  peak 
t h i c k n e s s )  do n o t  lead t o  any new conclus ions  but  form a c o n s i s t e n t  

p i c t u r e ,  i . e .  a s  K d e c r e a s e s ,  t h e  ledge g r a d u a l l y  d i s a p p e a r s  l e a v i n g  

t h e  normal h o r i z o n t a l  p r o f i l e  f o r  t h e  v a r i a b l e  g r a v i t y  c a s e .  
d e c r e a s e s ,  t h e  e f fec t  f irst  sharpens b e f o r e  d i sappea r ing  for HT 15 
k m .  S i m i l a r l y ,  a s  K and HT dec rease ,  t h e  t o p s i d e  "bump" i n  t h e  ver-  

t i c a l  p r o f i l e  ( c f .  F igu re  9)  gradua l ly  lowers and b l ends  w i t h  t h e  

AS HT 
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s i n g l e  peak o b t a i n e d  under v a r i a b l e  g r a v i t y  c o n d i t i o n s  a l o n e .  Inc reas -  

i n g  HT and K improves t h e  r e s u l t s  on t h e  bot tomside  by r educ ing  t h e  

magnitude of t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  t o  more r e a s o n a b l e  v a l u e s  

i n  t h i s  r e g i o n .  I n c r e a s i n g  H a l s o  sha rpens  t h e  a n g u l a r  peak s l i g h t l y .  

F i n a l l y ,  i f  w e  c o n s i d e r  c a s e s  of ve ry  l a r g e  H such  a s  HT = 1000 km, 
w e  f i n d  a behavior  very  s i m i l a r  t o  t h e  H = 0 s i t u a t i o n .  T h i s  demon- 
s t r a t e s  t h a t  it is t h e  g r a d i e n t  of  Te/Ti, and n o t  i ts magnitude,  
which is most ly  r e s p o n s i b l e  f o r  t h e  r e s u l t s  i n v o l v i n g  t h e  e f f e c t  
i l l u s t r a t e d  i n  F igu re  7 .  

T 

T ’  
T 

SUMMARY AND CONCLUSIONS 

The theo ry  p r e s e n t e d  i n  GKS has  been ex tended  t o  i n c l u d e  t h e  
e f f ec t s  of t h e  v a r i a t i o n  i n  g r a v i t y  andan e l e c t r o n  t empera tu re  pro- 
f i l e  based upon e m p i r i c a l  and t h e o r e t i c a l  r e s u l t s .  T h i s  e x t e n s i o n  
i n  t h e  theo ry  has  l e d  t o  d i s t i n c t  improvements i n  t h e  t h e o r e t i c a l  
d e s c r i p t i o n  of t h e  geomagnetic anomaly when comparison w i t h  d a t a  is  

made. 
The i n c l u s i o n  of  g r a v i t a t i o n a l  v a r i a t i o n  a l o n e  h a s  l e d  t o  an 

i n c r e a s e d  g r a d i e n t  on t h e  h igh  l a t i t u d e  s i d e  of t h e  t h e o r e t i c a l  con- 
s t a n t  h e i g h t  p r o f i l e s  r e p r e s e n t i n g  t h e  geomagnetic anomaly, t h i s  
be ing  i n  b e t t e r  accord  w i t h  measurement. Fur thermore ,  f o r  t h e  c a s e s  
i n  which Hi/He S 1, w e  now f i n d  a n g u l a r  peaks o c c u r r i n g  i n  t h e  con- 
s t a n t  h e i g h t  p r o f i l e s ,  something which was n o t  a v a i l a b l e  under  con- 
s t a n t  g r a v i t y  c o n s i d e r a t i o n s .  

The i n c l u s i o n  of an e l e c t r o n  t empera tu re  v e r t i c a l  p r o f i l e  c r e a t e s  

r e s u l t s  which a r e  f a r  more remarkable ,  however. W e  now o b t a i n  a 

d e s c r i p t i o n  of t h e  geomagnetic anomaly t o  h e i g h t s  a s  low a s  2He 
below t h e  F2 peak a t  t h e  e q u a t o r ,  t h e r e b y  i n d i c a t i n g  t h a t  t h e  n e g l e c t  
of  f r i c t i o n  o r  c o l l i s i o n  t e r m s  i n  t h e  e q u a t i o n  of motion is a l lowab le  

down t o  t h e s e  h e i g h t s .  
a r e  a l s o  found t o  ag ree  w i t h  measurement o u t  t o  m i d l a t i t u d e s  and an 
a n g u l a r  peaking of NmF2 is  s e e n  t o  o c c u r .  

The t h e o r e t i c a l  behav io r  o f  NmF2 and hmF2 

These a r e  r e s u l t s  which 
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c o u l d  n o t  be o b t a i n e d  i n  GKS under  i s o t h e r m a l  c o n d i t i o n s  and thermal  

e q u i l i b r i u m .  
Although Ti has  been t r e a t e d  a s  a c o n s t a n t  i n  t h e  d e r i v a t i o n  of 

t h e  e x p r e s s i o n  used t o  o b t a i n  t h e s e  r e s u l t s ,  t h i s  is n o t  cons ide red  

t o  be a s e r i o u s  l i m i t a t i o n  i n  t h e  theo ry  s i n c e  t h e  major  g r a d i e n t s  

i n  Ti c u r r e n t l y  appear  t o  be c o n s i d e r a b l y  s m a l l e r  t h a n  t h o s e  i n  T e 
and o c c u r  i n  t h e  very  lowest  s e c t o r  of  t h e  r e g i o n  under  c o n s i d e r a t i o n .  

F u r t h e r  s t u d y  wi th  a v a r i a b l e  Te shows t h a t  a s  t h e  h e i g h t  of 
t h e  e l e c t r o n  t empera tu re  and d e n s i t y  peaks approach one a n o t h e r ,  w e  
can  e x p e c t  t o  f i n d  an i n t e r e s t i n g  change i n  t h e  shape  of  t h e  h o r i -  
z o n t a l  e l e c t r o n  p r o f i l e s  d e s c r i b i n g  t h e  geomagnetic anomaly. Experi-  
menta l  ev idence  is p r e s e n t e d  t o  show t h a t  t h i s  behav io r  does o c c u r  
a t  c e r t a i n  t i m e s .  We a l s o  f i n d  t h a t  t h e  s l o p e  of  t h e  e l e c t r o n  t e m -  
p e r a t u r e  peak r a t h e r  t h a n  its magnitude is more r e s p o n s i b l e  f o r  t h i s  
e f f e c t .  In  a d d i t i o n ,  t h e  v e r t i c a l  p r o f i l e s  undergo a s l i g h t  modi- 
f i c a t i o n  wi th  t h e  appearance of a s m a l l  "bump" i n  t h e  t o p s i d e  above 

h F2 d u r i n g  i ts  occur rence .  I t  should  be n o t e d ,  however, t h a t  t h e  
ev idence  g iven  i n  F igu re  7 is a t o p s i d e  r e s u l t  and t h e  t h e o r e t i c a l  
r e s u l t s  of F i g u r e  8 do n o t  show t h i s  e f f e c t  e x t e n d i n g  i n t o  t h e  top-  

s i d e .  Assuming t h a t  431 k m  was s l i g h t l y  above r i n  F i g u r e  7 ,  w e  
must conclude  t h a t  e i t h e r  r was s l i g h t l y  h i g h e r  t h a n  r or t h a t  
r = r w i t h  t h e  t empera tu re  peak e x h i b i t i n g  a s h a r p  g r a d i e n t  ( l a r g e  

K ,  s m a l l  HT) on t h a t  day ,  s i n c e  t h e s e  a r e  t h e  on ly  p o s s i b l e  methods 

f o r  t h e o r e t i c a l l y  o b t a i n i n g  t h i s  e f f e c t  i n  t h e  t o p s i d e  w i t h  t h e  

t e m p e r a t u r e  p r o f i l e  assumed. ( N a t u r a l l y ,  a d i f f e r e n t  e l e c t r o n  t e m -  
p e r a t u r e  p r o f i l e ,  such  a s  one which p o s s e s s e s  a secondary  peak i n  t h e  
t o p s i d e ,  shou ld  n o t  be r u l e d  o u t  a s  a p o s s i b l e  cause  of  obse rv ing  t h i s  

e f fec t  i n  t h e  t o p s i d e ) .  S ince  r d e c r e a s e s  r a p i d l y  w i t h  sunspo t  
number, we would expec t  t h e  above behav io r  t o  be most f r e q u e n t  d u r i n g  
t h e  low sunspo t  number p e r i o d  of t h e  s o l a r  c y c l e .  

m 

m o  

P mo 

P mo 

mo 

F i n a l l y ,  s e v e r a l  secondary f e a t u r e s  o r i g i n a t i n g  from t h e  t h e o r y  

mo-'p) due t o  t h e  magnitude of  t h e  s e p a r a t i o n  between N and Te peaks ( r  
a r e  d i s c u s s e d ,  b u t  t h i s  t y p e  of " f i n e  s t r u c t u r e "  is c o n s i d e r e d  t o o  
s m a l l  t o  be s e e n  a t  t h i s  t i m e .  
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